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Abstract 

Acute lung injury (ALI) is an inflammatory disorder associated with reduced alveolar-capillary barrier function and increased 
pulmonary vascular permeability. Vasodilator-stimulated phosphoprotein (VASP) is widely associated with all types of 
modulations of cytoskeleton rearrangement-dependent cellular morphology and function, such as adhesion, shrinkage, and 
permeability. The present studies were conducted to investigate the effects and mechanisms by which tumor necrosis 
factor-alpha (TNF-ot) increases the tight junction permeability in lung tissue associated with acute lung inflammation. After 
incubating A549 cells for 24 hours with different concentrations (0-100 ng/mL) of TNF-a, 0.1 to 8 ng/mL TNF-a exhibited no 
significant effect on cell viability compared with the 0 ng/mL TNF-a group (control group). However, 10 ng/mL and 100 ng/ 
mL TNF-a dramatically inhibited the viability of A549 cells compared with the control group (*p<0.05). Monolayer cell 
permeability assay results indicated that A549 cells incubated with 10 ng/mL TNF-a for 24 hours displayed significantly 
increased cell permeability (*p<0.05). Moreover, the inhibition of VASP expression increased the cell permeability (*p<0.05). 
Pretreating A549 cells with cobalt chloride (to mimic a hypoxia environment) increased protein expression level of hypoxia 
inducible factor-la (HIF-la) (*p<0.05), whereas protein expression level of VASP decreased significantly (*p<0.05). In LPS- 
induced ALI mice, the concentrations of TNF-a in lung tissues and serum significantly increased at one hour, and the value 
reached a peak at four hours. Moreover, the Evans Blue absorption value of the mouse lung tissues reached a peak at four 
hours. The HIF-la protein expression level in mouse lung tissues increased significantly at four hours and eight hours (**p< 
0.001), whereas the VASP protein expression level decreased significantly (**p<0.01). Taken together, our data demonstrate 
that HIF-la acts downstream of TNF-a to inhibit VASP expression and to modulate the acute pulmonary inflammation 
process, and these molecules play an important role in the impairment of the alveolar-capillary barrier. 
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Introduction 

Acute lung injury (ALI) is characterized by pneumonedema and 
pulmonary closure caused by diffuse alveolar-capillary membrane 
damage, which appears after the body suffers injuries such as 
severe infection, trauma, or shock [1]. The normal alveolar 
respiratory membrane is divided into six layers, which can be 
successively identified from the alveolar inner surface to the outer 
surface under an electron microscope: a liquid layer with alveolar 
surfactant, the alveolar epithelium, the epithelial basement 
membrane, the matrix layer between the alveoli and capillary, 
the capillary basement membrane and the capillary endothelial 
layer. The permeability of the alveolar epithelium and capillary 
endothelium is the most crucial aspect of the six layers during the 



process of ALI, especially the permeability of the alveolar 
epithelium, an increase of which will finally lead to acute 
respiratory distress syndrome (ARDS) [2,3]. Although the 
underlying mechanism has not yet been fully elucidated, 
inflammation has recently been reported as a crucial factor in 
causing ALI [4] . 

In the inflammation environment, the permeability of the 
pulmonary vascular membrane increases because of the excessive 
local pulmonary production of inflammatory factors, such as 
tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6) and 
interleukin- 1 (3 (LL-1 P). Finally, fatal pneumonedema occurs, which 
is characterized by refractory hypoxemia, respiratory distress and 
respiratory failure, which results in a serious threat to life [5]. 
TNF-a is a major proinflammatory and immunomodulatory 
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factor in the human body that participates in both acute and 
chronic inflammation processes. TNF-a secretion increases and 
can be detected in lung tissues both in ALI patients and mice. 
TNF-a promotes the expression of adhesion molecules in vascular 
endothelial cells, stimulates the activation and migration of 
vascular endothelial cells, fibroblasts and monocytes/ macrophages 
and initiates the inflammatory reaction by inducing the secretion 
of cytokines [6,7]. 

Recent studies have demonstrated that the transcription of 
hypoxia inducible factor- 1 alpha (HIF-la) can be activated by 
inflammatory cytokines, such as TNF-a, IL-ip, prostaglandin E 2 
(PGE 2 ) and lipopolysaccharide (LPS), which suggests that HIF is 
closely implicated in the inflammatory process [8,9]. HIF has a 
wide target spectrum of genes that are associated with tumor 
growth, proliferation, the metastasis and inflammation process, 
inflammatory cell metabolism, chemotropism, survival, etc. 
[10,11]. In addition, HIF is a major factor mediating the 
mammalian hypoxia reaction. It is a heterodimer that consists of 
hypoxic response factor HIF-la and the constitutively expressed 
HIF- 1 (3. HIF- 1 a can bind to the transcription initiation complex 
to influence the transcriptional expression of genes [12,13]. 

Vasodilator-stimulated phosphoprotein (VASP) expression is 
widely associated with various modulations of cellular morphology 
and functions via the rearrangement of the cytoskeleton, such as 
polarity, conglutination, shrinkage, movement and even cell-cell 
junctions. For example, Peter Rosenberger's study indicated that 
inhibiting VASP expression in HMEC-1 during hypoxia could 
induce pneumonic edema in mice. Moreover, Ke Su's study 
identified that a decrease of VASP mRNA and protein expression 
mediated the TNF-a-induced adhesion and proliferation inhibi- 
tion of breast cancer MCF-7 cells [14,15]. TNF-a and IL-ip alter 
vascular permeability by regulating tight junctions and gap 
junctions, and they repress the expression of Connexin (Cx) in 
gap junctions at the transcriptional level by activating nuclear 
factor-KB (NF-kB) or HIF-la [16-19]. Furthermore, recent studies 
have demonstrated that HIF-la dramatically represses VASP 
transcription by directly binding to the VASP promoter [15]. 
However, the mechanism by which the inflammatory environment 
affects tight junctions in ALI still remains unexplored. 

In this study, we illustrate how the TNF-a/HIF-la/VASP 
pathway functions in tight junctions to regulate the permeability of 
the alveolar-capillary membrane and to cause ALI at both the 
cellular and organismal levels. 

Materials and Methods 

Cell Culture 

Human lung adenocarcinoma A549 cells were purchased from 
the China Center for Type Culture Collection, which originated 
from type II human alveolar epithelial cells. A549 cells were 
cultured in RPMI-1640 medium (HyClone, USA) containing 10% 
fetal bovine serum (FBS; HyClone, USA), 50 U/mL penicillin-G 
and 50 u.g of streptomycin at 37°C in a humidified incubator that 
was supplemented with 5% CO z . The cells were then passaged at 
80-90% confluence and digested with 0.25% trypsin. 

MTT Assay 

The trypsinized cells were seeded in 96-well plates 
(1x10-1x10* cells/well) and grown overnight in complete 
RPMI- 1 640 medium. The next day, the culture was washed, and 
A549 cells in experimental groups were treated with different 
concentrations (0 - 100 ng/mL) of TNF-a (Invitrogen, USA). The 
same volume of nutrient medium was added into the control 
group. After 24 hours, the number of viable cells was determined 



by the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zoliumbromide (MTT; Sigma, USA). The absorption value of 
each well was measured with an enzyme-linked immuno-assay. 
Three independent experiments were performed with triplicate 
wells. 

RNA Interference 

The resuspended cells were cultured in 6-well culture plates for 
24 hours, and the cells were then re-cultured in antibiotic-free and 
serum-free RPMI- 1 640 medium for at least 8 hours before TNF-a 
incubation. The cells were transiently transfected with Turbofect 
Transfection Reagent (Roche, SC). The shRNA duplexes were 
designed against VASP (GenBank accession no. BC038224) 
with the following sequences: 5 ' -TGCTGTAAAGC ATC A- 
CAGTGGCCCGGGTTTTGGCCACTGACTGACCCGGGC- 
CAGTGATGCTTTA -3' and were inserted into the pcDNA6.2- 
GW/EmGFP vector (Invitrogen, USA) to make pcDNA6.2-GW/ 
EmGFP-miR-VASP. The siRNA duplex oligonucleotides to HIF- 
la (GenBank accession no. NM_001530) were synthesized by 
Shanghai GenePharma (Shanghai, China). The sequence for HIF- 
la-siRNA was as follows: 5'-CUGAUGACCAGCAACUU- 
GAdTdT -3'. A scrambled-siRNA (5'- AGUUCAACGACCA- 
GUAGUCdTdT-3') was used in all experiments. Scrambled 
shRNA was obtained from Invitrogen and used as a negative 
control in all experiments. After 8-9 hours, the transfection 
reagent was removed. Medium with antibiotic and serum was 
added to the plates, and the cells were sequentially cultured for 
24 hours. 

Monolayer Cell Paracellular Permeability Assay 

A monolayer cell permeability assay was performed with the 
Transwell system, which allowed FITC-Dextran to filter through a 
0.4 urn pore size polycarbonate membrane that supported a 
monolayer of cells. Ten microliters of gelatin were added to the 
upper transwell chamber (Costar, the diameter was 6.5 nm, and 
the pore size was 0.4 um, USA), and the mixture was incubated 
overnight. Each upper chamber was hydrated with 200 uL of 
nutrient medium for 15—20 minutes. The resuspended cells (1 x 10 5 
cells/well, 200 uL) were plated in the upper chambers of a 
Transwell, and 600 uL of RPMI-1640 medium that was 
supplemented with 10% fetal bovine serum was added into the 
lower chamber in a humidified atmosphere for 24 hours. 
Subsequently, 10 ng/mL TNF-a was added to the upper 
chamber. After 24 hours, 200 uL of 100 ng/mL FITC-Dextran 
(Sigma, USA) was added to the upper chamber for 40 minutes. 
Nutrient medium (100 uL) from both the upper chamber and the 
lower chamber was removed and added to black 96-well plates. 
The absorption value was detected by a fluorescence microplate 
reader with an excitation wavelength of 485 nm and absorption 
wavelength of 535 nm. The cell permeability was measured using 
the coefficient Pa, which was calculated with the following 
formula: Pa=|L]/t xl/Axv/[A], where [L] stands for the 
concentration of FITC-dextran in the lower chamber (marked 
with fluorescence); t stands for time, measured in seconds; A stands 
for the area of filter membrane, measured in cm; v stands for the 
volume of liquid in the bottom chamber; [A] stands for the 
concentration of FITC-Dextran in the lower chamber. All tests 
were repeated three times and statistically analyzed. 

Western Blotting 

Cells or mouse lung tissues were lysed in modified RIPA buffer. 
The protein concentration was measured with the BCA protein 
assay kit (Pierce, USA). Equal amounts of total protein (20 u,g) 
were loaded and run on a 5% (v/v) SDS-polyacrylamide stacking 
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gel and 10% (v/v) SDS-polyacrylamide gradient gel and then 
transferred to PVDF membranes (Roche, SC). Membranes were 
blocked for 1 hour at room temperature with 5% powdered skim 
milk in Tris-buffered saline (TBS) with 0.05% Tween 20 (TBST) 
and then probed with VASP antibody (1:800 dilution, Alexis, San 
Diego, CA, USA), HIF-la antibody (1:1000 dilution, Abeam, 
Cambridge, UK) or GAPDH antibody (1:200 dilution, SC) at 4°C 
overnight. After incubation with horseradish peroxidase (HRP)- 
linked secondary antibodies (1:5000, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) for 2 hours at room temperature, the blots 
were detected with AP. The experiments were repeated three 
times. 

Reverse-transcription Polymerase Chain Reaction (RT- 
PCR) 

Total RNA was extracted from cells with Trizol (Invitrogen). 
Total RNA (2 mg) was used for first-strand cDNA synthesis with a 
RevertAid First Strand cDNA Synthesis Kit (Fermentas, Vilnius, 
LTU). Quantitative PCR was performed in the presence of SYBR 
green using a 7500 Fast Real-Time PCR System. AU PCR 
reactions were run in triplicate and repeated at least three times. 
Differences were calculated according to the AA Ct relative 
quantization method using the P-actin gene for calibration. The 
primers for human VASP were 5'- AAAGTCAGCAAGCAG- 
GAGGA-3' and 5'- ATTCATCCTTGGGGGTTTTC-3'. The 
primers for human HIF-la were 5' - GAAAGCGCAAGTCCT- 
CAAAG -3' and 5 '-TGGGTAGGAGATGGAGATGC-3 ' . The 
primers for P-actin were 5'- CATTAAGGAGAAGCTGTGCT- 
3' and 5 '-GTTGAAGGTAGTTTCGTGGA-3 ' . 

Animal Model 

This study was performed with the approval of the Wuhan 
University Medical Ethical Committee. 

Ten Balb/ c mice (5-6 weeks, weight 22-25 g, purchased from 
Wuhan University Center for Animal Experiment, Permit 
Number: SCXK 2008-0004) were randomly divided into two 
groups with five mice per group. The mice in each experimental 
group were peritoneally injected with 0.01 mg/g LPS (Ol 1 1:B4, 
Sigma, USA) fluid per mouse to model ALI, and the mice in the 
control group were injected with the same dose of saline. After 0— 
8 hours, all left lung tissues were carefully separated and then fixed 
in 4% paraformaldehyde for HE staining or homogenized in PBS 
for the enzyme-linked immunosorbent assay (ELISA). All right 
lung tissues were separated to measure the wet-to-dry weight ratio 
as follows. The moisture of the tissues was wicked away with filter 
paper to immediately measure the wet weight with an electronic 
balance. The lung tissues were then placed in a 60°C thermotank 
for 24 hours until reaching a constant weight, after which the dry 
weight was measured. Finally, the wet/ dry weight ratio (W /D) was 
calculated with the following formula: (W/D) = (wet weight/dry 
weight) x 100% [20,21]. The experiments were repeated three 
times. 

ELISA Assay 

Lung lobes (0.1 mg) were homogenized in 1 mL of PBS using a 
tissue homogenizer. The homogenate was centrifuged at 
3000 rpm for 5 minutes. The supernatant was then harvested 
and preserved at — 20°C for the ELISA assay. 

The supernatant and mouse serum samples were subjected to 
ELISA analysis to measure the TNF-a secretion level. All 
operations were conducted strictly according to the Ebioscience 
protocol. 



Lung Barrier Permeability Assay [22] 

The Balb/c mice in the experimental group were peritoneally 
injected with 0.01 mg/g LPS fluid per mouse to model ALI for 0, 
2, 4 and 8 hours, whereas the mice in the control group were 
injected with the same dose of saline. The lung barrier function of 
the mice was assayed with the Evans blue (EB, Sigma, USA) dye 
extra-barrier technique to determine the alveolar epithelium 
integrity. Thirty minutes before being sacrificed, EB was injected 
into the mice via the tail vein at a dose of 50 mg/kg. The mice 
were then sacrificed, and the lungs were removed to prepare the 
homogenate. Formamide was added to the homogenate. The 
homogenate was then incubated at 37°C for 24 hours and 
centrifuged to obtain the supernatant. Subsequently, the absorp- 
tion of EB in the supernatant was detected at 620 nm and 
calculated according to the EB standard curve. The experiments 
were repeated three times. 

Statistical Analysis 

The data are presented as the means ± standard error of mean 
(SEM). Statistical analysis of data having equal variance was 
performed by one-way analysis of variance (ANOVA) followed by 
Tukey's Post Hoc test where appropriate. Quantification of band 
densities was performed using Image J. The data are presented as 
the mean ± SEM at 0-8 hours post-LPS treatment. The lung 
weights observed in the control and LPS groups were compared 
using Student's t-test. *P<0.05. A value ofp<0.01 was considered 
highly significant. A value of p<0.05 was considered statistically 
significant. 

Results 

TNF-a Inhibited A549 Cell viability, Increased Paracellular 
Permeability, HIF-1a Expression and Decreased VASP 
Expression 

A MTT assay was used to determine the appropriate 
concentration of TNF-a that stimulated the viability of A549 
cells. The cells were evenly seeded in 96-well plates at a density of 
1 xl0 :i ~l xloVmL cells per well (200 uL per well) and then 
incubated with TNF-a (0-100 ng/mL) for 24 hours. The absor- 
bance of each well was measured at 570 nm with an ELISA plate 
reader. As shown in Figure 1A, stimulation with 0.1-8 ng/mL 
TNF-a did not produce an effect on cell viability compared to the 
vehicle control (p>0.05). In contrast, 10 ng/mL and 100 ng/mL 
TNF-a significantly inhibited the viability of A549 cells (p<0.05) 
in a dose-dependent manner with reduction rates of 14.3% and 
20.7%, respectively. We also realized that relatively high TNF-a 
concentrations may inhibit cell viability, which would reduce the 
cell density as a direct result of the permeability increase. Thus, 
choosing an appropriate TNF-a concentration was essential, as it 
could, on the one hand, impair cell viability, and, on the other 
hand, avoid cell densities that are too low to maintain the 
permeability. Taken together, the data lead to the use of 10 ng/ 
mL TNF-a treatment in the subsequent experiments to mimic the 
impairment effect of TNF-a on A549 cells. 

The impairment effect of TNF-a on the permeability of A549 
cells was determined via a monolayer cell permeability assay and 
expressed as Pa. Briefly, 200 uL of a 1 x 10 3 ~ 1 x lOVmL A549 
cell suspension was seeded in the upper chamber of a Transwell 
that was previously covered with 1 % gelatin until 80% confluence. 
After being pre-incubated in 10 ng/mL TNF-a for 24 hours, the 
Pa was then determined according to rate of fluorescence intensity 
of FITC-Dextran in the upper and lower chambers as measured 
using a multifunctional microplate reader. As shown in Figure IB, 
TNF-a treatment increased Pa by 23.4% compared with the 
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Figure 1. TNF-a inhibited A549 cell viability, increased paracellular permeability, HIF-1« expression and decreased VASP 
expression. (A) Cells were evenly seeded in 96-well plates at a density of 1 0 3 -1 0 4 cells per well (200 |iL per well) and then incubated with TNF-a (0 - 
100 ng/mL) for 24 hours. The cell viability rates were examined using an MTT assay, as shown in the bar graph. Compared with 0 ng/mL TNF-a 
(vehicle control), the stimulation with 0.1-8 ng/mL TNF-a did not affect cell viability (p>0.05). In contrast, 10 ng/mL and 100 ng/mL TNF-a 
significantly inhibited the viability of A549 cells (*p<0.05) in a dose-dependent manner with reduction rates of 14.3% and 20.7%, respectively. (B) 
200 |iL of 1 x10 5 /mL A549 cell suspension was seeded in the upper chamber of a Transwell that was previously covered with 1% gelatin until 80% 
confluence. After the well was pre-incubated with 10 ng/mL TNF-a for 24 hours, the Pa was determined according to the rate of fluorescence 
intensity of FITC-Dextran in the upper and lower chambers by a multifunctional microplate reader, as shown in the bar graph, TNF-a treatment 
increased Pa by 23.4% compared with the control group. (C) A549 cells were exposed to 10 ng/mL TNF-a for 24 hours, and the total protein of HIF-1a 
was then extracted. Western Blotting analysis was then used to evaluate the total protein level with each antibody against total HIF-1a, as shown in 
the bar graph, which represents a graphical representation of the relative density of HIF-1a to GADPH. TNF-a dramatically increased HIF-1a 
expression by 30.7% compared with the vehicle control. (D) A549 cells were exposed to 1 0 ng/mL TNF-a for 24 hours, and the total VASP protein was 
then extracted. Western Blotting analysis was then used to evaluate the total protein level with each antibody against total VASP, as shown in the bar 
graph. TNF-a inhibited VASP expression by 56.6% compared with the vehicle control. GAPDH served as a loading control; representative blots from 
three independent experiments with similar results are shown. The relative protein expression levels obtained for HIF-1a or VASP/GAPDH were used 
in bar graphs C and D. The test was repeated three times with identical results. The data are presented as the mean ± SEM. *p<0.05, **p<0.01 vs. 
vehicle control. 

doi:1 0.1 371 /journal.pone.01 02967.g001 



control group (p<0.05). These data indicate that TNF-a could 
dramatically increase the paracellular permeability. 

In addition to the increase in cell permeability, we also detected 
a change in the HIT- lot and VASP expression level. After being 
treated with 10 ng/mL TNF-a for 24 hours, the total protein of 
the A549 cells was extracted. The HIF-la and VASP expression 
levels were then detected by western blotting. As shown in 
Figure 1C and ID, TNF-a dramatically promoted HIF-la 
expression by 30.7%, and the difference was significant compared 
with the vehicle control (p<0.05). TNF-a inhibited VASP 
expression by 56.6%, and the difference was significant compared 
with the vehicle control (p<0.01). 

In conclusion, the results revealed that appropriate TNF-a 
stimulation could evidently increase the paracellular permeability 
and HIF-la expression while decreasing the VASP expression. 
The following experiments were conducted to further identify the 
possible relationship between TNF-a, HIF-la and VASP. 

TNF-a Increased A549 Permeability by Repressing VASP 
Expression through the Activation of HIF-1a 

The preliminary experiments demonstrated both dramatically 
higher HIF-la and lower VASP expression levels in TNF-a- 
treated A549 cells compared with the control group cells. To 
detect the specific relationship between TNF-a,HIF-la and 



VASP, first, we transfected A549 cells with siRNA-HIF-la to 
inhibit HIF-la expression to investigate the relationship between 
HIF-la and VASP. A549 cells were transfected with siRNA 
scrambled as a control. We observed that when transfected with 
HIF- 1 a-siRNA, which knocked down HIF-la expression, VASP 
expression at the mRNA level and protein level was significandy 
increased compared with the control group. In contrast, while 
transfected with pEGFP-Cl-HIF-la to overexpress HIF-la 
expression, VASP mRNA level and protein level were significandy 
decreased compared with the control group. These complemen- 
tary results indicated that HIF-la was strongly involved in the 
adjustment of VASP expression both at the transcription and 
protein level (Figure 2A and 2B). To further investigate whether 
HIF-la was strongly involved in TNF-a-induced suppression of 
VASP, we explored the potential role of HIF- 1 a in the presence or 
the absence of TNF-a treatment. We transfected A549 cells with 
HIF- 1 a-siRNA and then treated them with or without 1 0 ng/ ml 
TNF-a (which was proven to exert the most effective impairment 
effects on A549 cells). Western blotting was used to detect HIF-la 
and VASP protein expression level. RT-PCR was applied to 
determine the mRNA expression level in A549 cells. As shown in 
Figure 2C and 2D, HIF- 1 a-siRNA, which had a knockdown effect 
on HIF-la expression, resulted in the decrease in HIF expression 
and the increase in VASP expression both at the protein level and 
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mRNA level. Upon stimulation with TNF-a, HIF-la expression 
was elevated, and the VASP expression level was suppressed in 
parallel. However, we found that such an inhibitory effect was 
relieved in the HIF-la knockdown group. Thus, the results 
indicated that HIF-la mediated the TNF-a induced suppression 
of VASP. 

In addition, to investigate the relationship between VASP and 
HIF-la, we transfected A549 cells with shRNA-VASP 
(pcDNA6.2-GW/EmGFP MIR-VASP) to inhibit VASP expres- 
sion. A549 cells were transfected with scrambled shRNA 
(pcDNA6.2-GW/EmGFP MIR) as a control. After having been 
treated with or without TNF-a for 24 hours, the HIF-la and 
VASP expression levels in A549 cells were then determined by 
western blotting. As shown in Figure 2E, VASP expression in the 
shRNA-VASP group decreased by 15.6% compared with the 
scrambled group in the absence of TNF-a (p<0.01), which 
suggests that shRNA-VASP was successfully transfected and 
exerted an obvious inhibitory effect on VASP expression. 
Moreover, we further explored the potential role of VASP in the 
presence or the absence of TNF-a treatment. VASP expression in 
the shRNA-VASP group was 70.4% lower than that in the 
scrambled group in the presence of TNF-a (p<0.01). The 
difference in the two inhibition rates (70.4% vs. 36.6%) indicates 
that the combination of shRNA-VASP and TNF-a could better 
inhibit VASP expression than the single factor shRNA-VASP, 
which further indicates that TNF-a could also inhibit VASP 
expression. To explore the potential mechanism by which TNF-a 
inhibited VASP expression, we also determined the expression 
level of the transcription factor HIF- 1 a in this experiment. The 
HIF- 1 a expression level was not significantly different in shRNA- 
VASP group from the control group both in the absence and 
presence of TNF-a (p>0.05). This lack of difference could be 
interpreted as the downregulation of VASP not inducing changes 
in HIF- 1 a, which indicates that HIF- 1 a could not act downstream 
of VASP to increase the paracellular permeability. In addition, the 
single factor of TNF-a stimulation dramatically elevated HIF- 1 a 
expression, as compared with the respective TNF-a (-) groups 
(without TNF-a stimulation) both in the shRNA-VASP group (p< 
0.05) and scrambled group (p<0.01) with increases of 72.2% and 
70.4%, respectively, as shown in Figure 2E. 

To further investigate the relationship between HIF-la and 
VASP, we utilized cobalt chloride (CoCl 2 ) to mimic a hypoxic 
environment, which activates HIF-la. A549 cells were exposed to 
200 ug/mL CoCl 2 for 24 hours, and the HIF-la and VASP 
expression levels were then detected via western blotting. As 
shown in Figure 2F, HIF-la expression increased by 64.9% 
compared with the vehicle group when exposed A549 cells were 
exposed to a hypoxic environment (p<0.01), whereas VASP 
expression decreased by 36.7% (p<0.05). Taken together with the 
data in Figure 2E, these findings indicate that HIF-la could not 
act downstream of VASP. Thus, we concluded that VASP 
downregulation acted downstream of HIF-la activation when 
increasing the paracellular permeability. This finding became 
more evident when considering the article by Ke Su, another 
member in our team, who found that HIF-la modulated the 
expression of VASP by directiy binding to the VASP promoter. In 
addition, Peter Rosenberger's recent study also demonstrated 
evidence of a TNF-a/HIF-la/VASP pathway by elucidating that 
TNF-a could activate HIF and subsequently inhibit VASP 
expression in HMEC-1 in hypoxia-induced pneumonic edema in 
mice. 

To further study the direct effect of VASP downregulation on 
the paracellular permeability, we transfected A549 cells with 
shRNA-VASP to inhibit VASP expression; A549 cells were also 



transfected with scrambled shRNA as a control. The cells were 
then treated with or without TNF-a. The paracellular permeabil- 
ity was assessed by a monolayer paracellular cell permeability 
assay. As shown in Figure 2G, Pa increased significandy by 36.0% 
in the absence of TNF-a (p<0.01) and 24.3% in the presence of 
TNF-a (p<0.01) in the shRNA-VASP group compared with the 
scrambled group, which elucidated that the repression of VASP 
expression increased the paracellular permeability. Furthermore, 
the combination of shRNA-VASP and TNF-a treatment increased 
Pa more than the single factor of shRNA-VASP; Pa was 14.2% 
higher in the shRNA- VASP+TNF-a group than in the shRNA- 
VASP group (p<0.01). In addition, we found that treatment with 
TNF-a induced a 25.0% increase of Pa between the two 
scrambled groups (p<0.05). 

Collectively, the data in Figure 2 demonstrate that TNF-a 
mediated an increase in HIF-1 a, which then downregulated VASP 
expression and finally led to an increase in the paracellular 
permeability of A549 cells. 

LPS-lnduced Acute Lung Injury Model via Repressing 
Lung Barrier Function in Balb/c 

Balb/c mice were randomly and equally divided into two 
groups. The mice in the in experimental group were peritoneally 
injected with 0.01 mg/g LPS fluid per mouse to model ALI, 
whereas mice in the control group were injected with the same 
dose of saline. After 0-8 hours of stimulation, the left lung tissues 
of each mouse were carefully separated and then fixed in 4% 
paraformaldehyde for HE staining or homogenized in PBS for an 
enzyme-linked immunosorbent assay (ELISA) assay. The results 
obtained from the macroscopic specimens are shown in Figure 3A; 
the lung tissues of Balb/c mice began to display acute lung injury 
after 1 h compared with the 0 hour group. To be specific, the 
macroscopic lung tissues of the control group and 0 hour clearly 
appeared pink and expanded equally and satisfactorily without 
any congestion, edema or infarction. However, the lungs of the 
LPS-induced groups exhibited kermesinus, were larger in size and 
displayed mutic margins with obvious edema. Edema and 
congestion became particularly evident at 4 hours, when some 
lungs even displayed a pink, frothy fluid. 

We used HE staining to further precisely investigate the changes 
in the microscopic level after LPS induction. The microscopic 
structures of lung tissues (400 x) are shown in Figure 3B. Alveoli 
demonstrated structural integrity in the 0 hour group. The 
alveolar septa were consistent. The alveolar walls were thin, and 
the lungs displayed littie inflammatory infiltration and effusion. 
However, the 1-hour group and other LPS-induced groups 
demonstrated diverse degrees of enlargement and congestion in 
the pulmonary capillaries. In addition, the alveolar septum was 
incrassated, with inflammatory cells infiltrating the alveoli and 
interstitial tissue. The above changes also varied as the time of 
stimulation proceeded. The most severe point was 4 hours, when a 
hemorrhage region began to appear. At 8 hours, the effusion of 
red blood cells receded a bit, with inflammatory cells increasing 
compared with the 4-hour group. 

After LPS induction, all right lung tissues were separated and 
placed on filter paper to measure their wet weight. The tissues 
were then placed in a 60°C thermotank for 24 hours to obtain the 
dry weight. The W/D (weight/ dry) data are shown in Figure 3C; 
the W/D value was 4.39±0.12 at 1 hour. This value was higher 
than that of the control group, and the difference was significant 
(p<0.05). The differences became more pronounced over time. 
Specifically, the W/D value increased approximately 17.1%, 
21.4% and 27.5% at 1 hour, 2 hours and 4 hours, respectively. 
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Figure 2. TNF-a increased A549 permeability by repressing VASP expression, through the activation of HIF-1a. (A) A549 cells were 
transfected with siRNA-HIF-1oe or pEGFP-C1 -HIF-1 ot for 24 hours as indicated. Scrambled siRNA and pEGFP-C1 vector were used as controls. The HIF- 
1 a and VASP protein expression levels were then determined by western blotting. GAPDH served as a loading control. (B) A549 cells were transfected 
with siRNA-HIF-1ot or pEGFP-C1 -HlF-lot for 24 hours as indicated. HIF-1ot and VASP mRNA expression levels were then determined by RT-PCR. 
Figure 2A and 2B indicate that VASP expression of both mRNA levels and protein levels were repressed by HlF-lot and that VASP expression was 
dramatically activated by HIF-1 01 knockdown in A549 cells. In contrast, HIF-1 ot overexpression led to the decreased VASP expression. (C) Cells were 
treated with TNF-ot after transfection with siRNA-HIF-lot for 24 h. Scrambled siRNA was used as a control. The HIF-1 ot and VASP protein expression 
levels were then determined by western blotting. (D) Cells were treated with TNF-ot after transfection with siRNA-HIF-1o< for 24 h. Scrambled siRNA 
was used as a control. The HIF-1 ot and VASP mRNA expression levels were then determined by RT-PCR. Figure 2C and 2D indicate that in the absence 
of TNF-ot, the expression of both HIF-1 ot and VASP were maintained at moderate protein levels and the knockdown of HIF-1 ot led to increased VASP 
expression in A549 cells. Upon stimulation by TNF-ot, the level of HIF-1 01 was elevated accompanied by a suppression of VASP expression. However, 
the suppression of VASP by TNF-ot could be relieved through HIF-1 ot knockdown. (E) A549 cells were transfected with shRNA-VASP or scrambled 
shRNA and then treated with 10 ng/mL TNF-oc or untreated for 24 hours as indicated. The HIF-1 ot and VASP expression levels were then determined 
by western blotting. In the absence of TNF-ot, VASP expression in the shRNA-VASP group decreased by 15.6% versus the scrambled group (**p<0.01). 
VASP expression in the shRNA-VASP+TNF-a group was 70.4% lower than that in the scrambled+TNF-oc group (*p<0.05). The transfection of shRNA- 
VASP did not affect the HIF-1 ot expression level (scrambled vs. shRNA-VASP, p>0.05; scrambled+TNF-ot vs. shRNA-VASP+TNF-ot, p>0.05). Conversely, 
TNF-ot stimulation dramatically elevated HlF-lot expression (scrambled vs. scrambled+TNF-ot, **p<0.01; shRNA-VASP vs. shRNA-VASP+TNF-ot, *p< 
0.05). (F) A549 cells were exposed to 200 |ig/ml_ CoCI 2 or vehicle for 24 hours. The HIF-1 ot and VASP expression levels were then detected via western 
blotting. HIF-1 a expression increased by 64.9% in the CoCI 2 group compared with the vehicle group (**p<0.01), whereas VASP expression decreased 
by 36.7% in the CoCI 2 group compared with the vehicle group (*p<0.05). GAPDH served as a loading control. Representative blots from three 
independent experiments with similar results are shown. The relative protein expression levels obtained for HlF-lot or VASP/GAPDH were used in bar 
graphs B and C. (G) A549 cells were transfected with shRNA-VASP or scrambled shRNA and then treated with 10 ng/mL TNF-ot or untreated for 
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24 hours as indicated. The paracellular permeability was detected via a monolayer paracellular cells permeability assay and expressed as Pa. The Pa in 
the shRNA-VASP group increased significantly compared with the scrambled group, 36.0% in the absence of TNF-ot (**p<0.01) and 24.3% in the 
presence of TNF-ot (**p<0.01). The Pa in the shRNA-VASP+TNF-ot group was 14.2% higher than that in the shRNA-VASP group (**p<0.01). In addition, 
TNF-ot induced a 25.0% increase in Pa (*p<0.05) between the two scrambled groups. The test was repeated three times with identical results. The 
data are presented as the mean ± SEM. *p<0.05, **p<0.01. 
doi:1 0.1 371 /journal.pone.01 02967.g002 



However, the W/D absolute value began to decrease at 8 hours 
compared with 4 hours, but this difference was not significant. 

After LPS induction, the lung barrier function was assayed using 
the Evans blue dye extra-barrier technique to determine the 
alveolar epithelium integrity. Balb/c mice were injected with 
0.01 mg/g Evans Blue per mouse in the tail vein 30 minutes 
before sacrifice. The absorbance of Evans Blue was detected with 
an ultraviolet spectrophotometer at 620 nm. As shown in 
Figure 3D, the absorbance value began to increase at 1 hour. 
This value was 0.19±0.02, which was an increase of approxi- 
mately 20.4% compared with the vehicle group, and the difference 
was significant (p<0.05). The value changed over time. Specifi- 
cally, the absorbance values were 0.24±0.02, 0.37±0.04 and 
0.32±0.06 at 2 hours, 4 hours and 8 hours, respectively. The 
value clearly increased, and the differences were significant 
compared with the vehicle group. The absorbance value reached 
its peak at 4 hours and somewhat decreased at 8 hours compared 
with the 4-hour value, but the difference was insignificant. 

The experiments demonstrated that LPS successfully induced 
acute lung injury via repressing lung barrier function. We verified 



its success not only at the macroscopic level but also at the 
microscopic and statistic level. Moreover, lung injury was most 
severe at 4 hours and 8 hours in the given experimental 
conditions. 

VASP Was Downregulated through TNF-oc-lnduced 
Activation of HIF-1a during Acute Lung Injury in Vivo 

After LPS treatment, the serum of animal models was prepared 
via orbital blood collection, and the supernatant liquid of lung 
tissues was obtained from the excised left lungs. ELISA was 
adopted to detect the concentration of TNF-a in both the serum 
and lung tissues. As shown in Figure 4A, the TNF-a concentration 
in the serum remained at a very low level (<30 pg/mL) in the 
vehicle groups (with saline injection) and displayed no obvious 
changes over time (p>0.05). In contrast, the serum from mice 
treated with LPS for a total of 1 hour, 2 hours, 4 hours or 8 hours 
all displayed a much higher TNF-ot concentration (>450 pg/mL), 
which peaked at 4 hours (>700 pg/mL), compared with the 
vehicle groups (1 hour: p<0.01; 2, 4, or 8 hours: p<0.001). 



I I vehicle 




Figure 3. LPS induced acute lung injury model via repressing lung barrier function in Balb/c(x400). (A) 10 Balb/c mice were randomly 
divided into two groups with five mice per group. The mice in the experimental group were peritoneally injected with 0.01 mg/g LPS fluid per mouse 
to model ALI, whereas the mice in the control group were injected with the same dose of saline. After 0-8 hours of stimulation, the left lung tissues 
of each mouse were carefully separated, as shown at the macroscopic level. (B) The specimens were then fixed in 4% paraformaldehyde for HE 
staining, as shown at the microscopic level. Images taken at x400 (G) (C) after LPS induction, and all right lung tissues were separated and placed on 
filter paper to measure their wet weight. The tissues were then placed in a 60°C thermotank for 24 hours to obtain the dry weight. The W/D (weight/ 
dry) data are shown in the bar graph. Compared with the 0 hour group (control group), the W/D value increased significantly by 17.1%, 21.4% and 
27.5% at 1 hour, 2 hours and 4 hours, respectively. However, the absolute W/D value began to decrease at 8 hours compared with the 4-hour value, 
but this difference was insignificant. (D) After LPS induction, the lung barrier function was assayed using the Evans blue dye extra-barrier technique to 
determine the integrity of the alveolar epithelium integrity. Balb/c mice were injected with 0.01 mg/g Evans Blue per mouse in the tail vein 30 
minutes before execution. The absorbance of Evans Blue was detected in an ultraviolet spectrophotometer at 620 nm, as shown in the bar graph. The 
absorbance value began to increase at 1 hour compared with the vehicle group. The value increased over time. The absorbance value reached its 
peak at 4 hours and decreased somewhat at 8 hours compared with the 4-hour value, but the difference was not significant. The test was repeated 
three times with identical results. The data are presented as the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. vehicle control. 
doi:1 0.1 371 /journal.pone.01 02967.g003 
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Figure 4. VASP was downregulated via the TNF-a-induced activation of HIF-1a during acute lung injury in vivo. Balb/c mice were 
peritoneally injected with 0.01 mg/g LPS to model ALI or the same dose of saline in the vehicle group. The animals were treated for 0-8 hours. (A) 
After 0-8 hours of stimulation, the sera of the animal models were prepared via orbital blood collection, and ELISA was performed to detect the 
concentration of TNF-ot in the serum. In the vehicle groups, the TNF-ot concentration in the serum remained at a very low level (<30 pg/mL) and 
displayed no obvious changes over time (p>0.05 vs. vehicle). In contrast, the sera from mice treated with LPS for 0-8 hours all displayed much higher 
TNF-ot concentrations (>450 pg/mL), which peaked at 4 hours (>700 pg/mL), compared with the vehicle groups (**p<0.01 and ***p<0.001 vs. 
vehicle). (B) After LPS treatment, the supernatant liquid of lung tissues was prepared from the excised left lungs, and ELISA was performed to detect 
the concentration of TNF-ot in the lung tissues. The TNF-ot concentration in the lung tissues also remained at a very low level (<0.3 pg/mg) in the 
vehicle groups and displayed no obvious changes over time (p>0.05 vs. vehicle). Conversely, the TNF-ot concentration in the lung tissues from LPS- 
induced ALI mice was dramatically higher than that of the vehicle groups (>2.0 pg/mg; **p<0.01 and ***p<0.001 vs. vehicle) and peaked at 4 hours 
(>3.4 pg/mg). (C) The HIF-1ot and VASP expression levels in mouse lung tissues were detected by western blotting. GAPDH served as a loading 
control. Representative blots from three independent experiments with similar results are shown. The relative protein expression levels obtained for 
HIF-lot or VASP/GAPDH are shown in the bar graphs. Compared with the vehicle group, the HIF-lot levels in the lung tissues were evidently elevated 
by 142.3% in the 4-hour group (***p<0.001) and 1 19.3% in the 8-hour group (**p<0.01 vs. vehicle). Correspondingly, VASP expression decreased by 
43.1% in the 4-hour group (**p<0.01 vs. vehicle) and 43.5% in the 8-hour group (**p<0.01 vs. vehicle). The test was repeated three times with 
identical results. The data are presented as the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 
doi:1 0.1 371 /journal.pone.01 02967.g004 



As shown in Figure 4B, the TNF-ot concentration in the lung 
tissues also remained at a very low level (<0.3 pg/mg) in the 
vehicle groups (with saline injection) and displayed no obvious 
changes over time (p>0.05). Conversely, the TNF-ot concentration 
in the lung tissues from LPS-induced ALI mice was dramatically 
higher than that of the vehicle groups (>2.0 pg/mg; 1 hour: p< 
0.01; 2, 4, or 8 hours: p<0.001) and peaked at 4 hours (>3.4 pg/ 
mg). Taken together, we also found that changes in the TNF-ot 
concentration created by different time courses of LPS treatment 
were synchronized in both the serum and lung tissues. 

Next, we detected the HIF-lot and VASP expression levels in 
mouse lung tissues by western blotting to assess the TNF-ot/HIF- 
1 a/ VASP pathway in vivo. As shown in Figure 4C, the HIF-lot 
and VASP expression levels in the lung tissues from mice treated 
with LPS for 0 hours did not differ significantly from the vehicle 
group (p>0.05). However, HIF-lot expression was evidently 
elevated by 142.3% (p<0.001) and 119.3% (p<0.01) compared 



with the control group in the lung tissues from mice treated with 
LPS for 4 hours and 8 hours, respectively. Correspondingly, 
VASP expression decreased by 43.1% in the 4-hour group (p< 
0.01) and by 43.5% in the 8-hour group (p<0.01). 

Combined with the results obtained in the cellular experiments, 
we demonstrated that VASP was downregulated in vivo via the 
TNF-a-induced activation of HIF-lot during acute lung injury. 

Discussion 

The release of cytokines or proinflammatory factors during the 
systemic inflammation in ALI injures pulmonary vascular endo- 
thelial cells and alveolar epithelial cells, which increases the 
permeability of the pulmonary capillary membrane. Consequent- 
ly, liquid protein permeates from the vessel lumen into the 
interstitial space and alveolus, followed by external respiratory 
dysfunction, which subsequently leads to a lethal abnormal 
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decrease of the arterial partial pressure of oxygen. ALI occurs in 
serious conditions, such as severe pancreatitis, massive transfusion, 
sepsis and lung injuries, which cause respiratory distress, diffuse 
lung infiltrates and respiratory failure. The total incidences of 
ARF, ALI and ARDS in Sweden, Denmark and Iceland are 77.6, 
17.9 and 13.5 patients per 100,000/yr, respectively. These figures 
were reported by Luhr OR in 1999 and associated with a 
significandy higher mortality [23]. In addition, he reported that 
the ninety-day mortality was 41.0% for ARF, which included ALI 
and ARDS patients reported on in the American Journal of 
Respiratory and Critical Care Medicine [24]. Thus, research on 
the hyperpermeability of the alveolar-capillary membrane induced 
by cytokines or proinflammatory factors in ALI is significant and 
vital for guiding medical treatment decisions. 

The alveolar-capillary membrane exists in the gas-exchanging 
region of the lungs. It consists of type I pneumocytes of the 
alveolar wall, the endothelial cells of the capillaries and the 
basement membrane between the two cells. The blood-gas barrier 
is extremely thin to allow sufficient oxygen diffusion; however, it is 
extremely strong. This strength is mainly attributable to the tight 
junctions between neighboring endothelial and epithelial cells. 
These junctions depend on actin kinetics, which are regulated by 
actin-associated proteins [25]. As a core member of actin- 
associated proteins, VASP participates in various modulations of 
the morphology and functions of cells via the rearrangement of the 
cytoskeleton, such as migration, polarity, conglutination, shrink- 
age, movement, etc. [26,27]. Emerging evidence has revealed that 
VASP may also play a key role in maintaining the function of 
physiological barriers [28]. For example, VASP affects intercellu- 
lar adhesion via the a-catenin-dependent promotion of actin 
reorganization and polymerization, which merges punctae into a 
single row and seals cell borders. Furthermore, the suppression of 
VASP can result in extensive edema and hemorrhage in tissues by 
impairing the contraction of actin and inducing an abnormal 
response to shear stress [29] . Recendy, Henes J's study indicated 
that TNF-a could activate HIF- 1 a and subsequendy inhibit VASP 
expression in HMEC-1 in hypoxia-induced pneumonic edema in 
mice [30]. Stamatina's study demonstrated that TNF-a induces 
expression of HIF- la mRNA and protein in airway smooth 
muscle cells [31]. In addition, Xia L's study indicates that TNF-a 
leads to the stabilization of HIF- la, which then translocates into 
nucleus and binds with the target gene promoter [32]. Thus, we 
sought to determine whether cytokines could mediate the 
development of pneumonic edema by impairing tight junctions 
in both endothelial cells and type I pneumocytes during LPS- 
induced ALI. In recent studies, LPS has been widely used to 
induce systemic inflammation [33]. It has also been reported that 
LPS induces expression of numerous pro-inflammatory cytokines, 
including TNF-a, interleukin-6 (IL-6), and interleukin-l(IL-l), 
which were mainly released by macrophage (M<p) [34]. In acute 
lung injury, especially in LPS-induced lung inflammation, TNF-a 
plays a dominant role in LPS-induced mouse mortality [35,36]. 
Thus, to study the role TNF-a plays in ALI, we employed LPS- 
induced ALI models. Here, we observed TNF-a increased 
significandy at the serum and organismal levels in LPS-induced 
ALI mice, which was accompanied by hyperpermeability of the 
alveolar-capillary membrane as well as the downregulation of 
VASP expression [37]. In addition, we demonstrated that a low 
concentration (10 ng/mL) of TNF-a could induce HIF-la 
upregulation and subsequendy dramatically decrease VASP 
expression in cultured type II alveolar A549 cells in vitro. Thus, 
HIF- 1 a-dependent VASP regulation likely contributed, at least in 
part, to a change in the alveolar-capillary barrier permeability in 
LPS-induced ALI via enhanced TNF-a secretion. 



Inflammatory cytokines participate in wide ranges of biological 
effects, such as the innate immune response, the adaptive immune 
response during inflammation and inflammation-related diseases. 
The majority of these functions are achieved via the activation of a 
signaling cascade by releasing diverse growth factors, such as 
VEGF and PDEGF, and transcription factors, such as NF-kB and 
HIF-la [38,39]. The related research byjanek Henes's indicates 
that NF-kB activation accelerates the increase of alveolar-capillary 
permeability during TNF-a-induced pneumonia in VASP knock- 
out mice [30]. Furthermore, we previously identified that HIF-la 
could directly inhibit VASP transcription during the TNF-a- 
induced metastasis and adhesion of breast cancer MCF-7 cells 
[15]. In this study, we determined that HIF-la expression in lung 
tissues increased in LPS-induced ALI mice, whereas TNF-a 
secretion in lung tissues and serum increased significantly; 
furthermore, 10 ng/ mL TNF-a could promote HIF- 1 a expression 
at the protein level in cultured type II alveolar A549 cells. In 
addition, this treatment inhibited VASP expression and impaired 
the formation of alveolar-alveolar tight junctions. Conversely, 
pretreating A549 cells with specific VASP-siRNA could rescue 
VASP expression and repair the tight junction impairment caused 
by 10 ng/mL TNF-a. These results indicate that HIF-la was 
likely the key mediator of the TNF-a-induced impairment of 
alveolar-capillary barrier in LPS-reduced ALI. 

VASP plays an essential role in mediating stress fiber formation 
and is involved in membrane ruffling and aggregation [40,41]. 
The protein has three regions: the EVH1 region at the amino 
terminal, the EVH2 region at the carboxyl terminal and the 
proline-rich region (PRR) in the middle. The EVH2 region 
lengthens F-actin by promoting G-actin's connection with F- 
actin's assembling terminal, and the PRR region can combine 
with proteins that contain a SH3 motif [27,42]. ZO-1 contains a 
SH3 motif and plays a critical role in tight junction complex 
assembly. The modification of ZO-1 expression and localization 
leads to increased paracellular permeability. More importantly, 
VASP colocalizes with ZO-1 at tight junctions to maintain 
endothelial barrier function [43]. Inflammation cytokines are 
thought to influence the properties of the alveolar-capillary barrier 
by actively reorganizing the cytoskeleton [44] . In our experiment, 
we found that the pulmonary permeability increased at the animal 
level, whereas VASP expression decreased. The same changes 
were observed in excised alveolar epithelial cells. These results 
demonstrated that VASP played a key role in establishing and 
maintaining the barrier function as a major actin binding protein. 

Taken together, our data demonstrate that VASP, which is 
negatively regulated by TNF-a, induces HIF- 1 a activation during 
the acute pulmonary inflammation process and plays an important 
role in the impairment of the alveolar-capillary barrier. These 
findings are significant because efforts to understand better the 
hidden beneficial role of VASP in the blood gas barrier function 
facilitate medical therapy for ALI treatment. 
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